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Vigna unguiculata (cowpea) and Phaseolus vulgaris (common bean) are permissive hosts for southern cowpea mosaic virus
(SCPMV) and southern bean mosaic virus (SBMV), respectively. Neither of these two sobemoviruses systemically infects the
permissive host of the other. Although bean cells are permissive for SCPMV RNA synthesis, they do not support the assembly
of this virus. Thus, the host range restriction of SCPMV in bean may occur at the level of movement and may involve the
inability of SCPMV to assemble in this host. In this study, it was demonstrated that SCPMV accumulates in an encapsidated
form in the inoculated and systemic leaves of bean plants following coinoculation with SBMV. No evidence was observed that
the SCPMV that accumulated in coinoculated bean plants had an altered host range relative to wild-type SCPMV. These
results suggested that SBMV complemented the host range restriction of SCPMV in bean. Additional experiments demon-
strated that cowpea protoplasts are permissive for SBMV RNA synthesis and assembly. It was concluded from these results
that the host range restriction of SBMV in cowpea occurs at the level of movement. In mixed infections of cowpea with
SCPMV and SBMV, the latter was recovered from the inoculated but not the systemic leaves. Its recovery from the inoculated
leaves, however, was not dependent on the presence of SCPMV in the inoculum. From these results, it was concluded that
SCPMV did not complement the host range restriction of SBMV in cowpea. © 2000 Academic Press
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SBMV and SCPMV are members of the Sobemovirus
genus of positive-sense RNA viruses (Hull, 1988). Until
recently, SCPMV was classified as the cowpea strain of
SBMV (Hull et al., 1999). SBMV and SCPMV are 28-nm
sometric viruses that are composed of a single coat
rotein (CP) species of about 30 kDa and a monopartite
enome of approximately 4.2 kb that is covalently bound
t its 59 end to a viral protein (VPg) (Hull, 1988). Both
iruses are also characterized by a narrow host range.
BMV systemically infects most cultivars of bean but not
owpea (Zaumeyer and Harter, 1943), and SCPMV sys-
emically infects most cultivars of cowpea but not bean
Fulton and Shepard, 1962). The molecular basis of the
ost ranges of these two sobemoviruses is not under-
tood.
The genomes of SCPMV and of two isolates of SBMV
ave been sequenced. Both SCPMV and an Arkansas
solate of SBMV have four open reading frames (ORFs
–4) (Wu et al., 1987; Lee and Anderson, 1998), but the
nternal ORF3 is not observed in a second isolate of
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14BMV (Othman and Hull, 1995). The 59-terminal ORF1
ncodes a protein (P1) that has been shown to be in-
olved in the cell-to-cell movement of SCPMV (Sivaku-
aran et al., 1998). The P1 protein of rice yellow mottle
obemovirus (RYMV) is also involved in movement (Bon-
eau et al., 1998). The internal ORF2 encodes the P2
olyprotein of about 105 kDa (Wu et al., 1987; Othman
nd Hull, 1995; Lee and Anderson, 1998). Amino acid
equence comparisons with other viral proteins of
nown function suggest that a serine protease and an
NA-dependent RNA polymerase (RdRp) are proteolyti-
ally processed from P2 (Wu et al., 1987; Gorbalenya et
al., 1988). Recently, N-terminal sequencing of the SBMV
VPg revealed that this protein is also a proteolytic prod-
uct of P2 and is located between the N-terminal serine
protease and the C-terminal RdRp of the P2 polyprotein
(van der Wilk et al., 1998). This position of the VPg within
he P2 protein has been confirmed for SCPMV (Hacker,
npublished data). The internal ORF3 is predicted to be
ranslated by a 21 ribosomal frameshift in ORF2 to
roduce a protein of about 60 kDa that may be proteo-
ytically processed to produce a serine protease, VPg,
nd an ORF3-specific protein of about 24 kDa (Ma¨kinen
t al., 1995). For SCPMV, the ORF3-specific protein has
een shown to be involved in cell-to-cell movement (Si-
akumaran et al., 1998). The 39-terminal ORF4 encodes
he CP (Wu et al., 1987; Othman and Hull, 1995; Lee and
nderson, 1998). For SCPMV, the CP is required for
ell-to-cell movement, suggesting that SCPMV particles
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141SCPMV HOST RANGEor RNA–CP complexes may be transported from cell to
cell (Sivakumaran et al., 1998). The viral proteins involved
n SBMV cell-to-cell movement and those involved in the
ong-distance movement of SBMV and SCPMV have not
een identified. It has been demonstrated, however, that
he CP of RYMV is required for its vascular movement
Brugidou et al., 1995).
Although SCPMV does not systemically infect bean,
ean protoplasts are permissive for SCPMV RNA synthe-
is (Fuentes and Hamilton, 1991). Mixed infection of bean
ith SCPMV and sunn-hemp mosaic tobamovirus
SHMV), a virus that systemically infects this host, results
n the accumulation of unencapsidated SCPMV RNA in
he inoculated leaves but not in the systemic leaves
Fuentes and Hamilton, 1991, 1993). One possible expla-
ation for these results is that unencapsidated SCPMV is
ransported from cell to cell by the SHMV MP. Although
he SCPMV RNA is not encapsidated in bean following
oinoculation with SHMV, the SCPMV CP is expressed in
hese plants and assembles into 18-nm rather than
8-nm particles (Fuentes and Hamilton, 1993). This ob-
ervation suggests that the SCPMV CP may form T 5 1
icosahedral particles in bean (Fuentes and Hamilton,
1993). Since the SCPMV CP is required for cell-to-cell
movement, it is possible that the inability of SCPMV to
spread from cell to cell in bean is a direct consequence
of its inability to assemble in this host. It is not known,
however, if virions or if CP–RNA complexes are trans-
ported from cell to cell in SCPMV-infected plants. Al-
though the absence of virus assembly may be important
in restricting SCPMV cell-to-cell movement in bean, other
factors such as nonpermissive interactions between one
or both of the SCPMV movement proteins (MPs) and the
host and/or between the SCPMV CP and the host may
also be involved.
The experiments of Fuentes and Hamilton (1991, 1993)
demonstrated that the cell-to-cell movement defect of
SCPMV in bean may be complemented in trans by an
unrelated virus. The experiments described in this report
were undertaken to determine whether the restrictions in
FIG. 1. SDS–PAGE analysis of samples recovered from mixed infection
of two bean plants (Nos. 1 and 4) that had been coinoculated with SBMV
12.5% polyacrylamide gel. Proteins were detected by silver staining. P
and their positions are indicated with arrows at the left of the figure. Mix
of the SCPMV CP. Equimolar amounts of the two viruses (lane 1:1) in a
(lanes 1:5, 1:25, etc.) were analyzed.SCPMV cell-to-cell and long-distance movement in bean
could be complemented by a related virus such asSBMV. The results presented here demonstrate that
SCPMV moves from cell to cell and systemically in bean
in the presence of SBMV. In addition, SCPMV recovered
from coinfected bean was encapsidated, suggesting that
heterologous encapsidation may play a role in the move-
ment of SCPMV in this host. In conjunction with these
experiments, the basis of the host range restriction of
SBMV in cowpea was also investigated. It was demon-
strated that cowpea protoplasts are permissive for SBMV
RNA synthesis and assembly, suggesting that SBMV
movement is restricted in cowpea. It was determined
using mixed infections of cowpea with SBMV and
SCPMV that the host range restriction of SBMV in cow-
pea was not complemented by SCPMV.
RESULTS
Mixed infection of bean with SCPMV and SBMV
To determine whether SBMV supports the cell-to-cell
and long-distance movement of SCPMV in bean, 20 bean
plants were coinoculated with the two viruses. Subse-
quently, virus was recovered from the inoculated and
systemic leaves. Since the CPs of the two viruses differ
in electrophoretic mobility in a denaturing polyacryl-
amide gel, the samples were analyzed by SDS–PAGE
and detected by silver staining to determine whether one
or both species of CP was present. Only the SBMV CP
was detected in the samples (Fig. 1). The limit of SCPMV
CP detection for this experiment was determined by
analysis of a dilution series of SCPMV CP relative to a
set amount of SBMV CP. As shown in Fig. 1, the SCPMV
CP was still detectable when diluted 125-fold relative to
the amount of SBMV CP. Therefore, if the SBMV-C CP
was present in the virus samples recovered from coin-
oculated bean, it represented less than 1% of the total
CP.
The presence of SCPMV in the samples recovered
from coinoculated bean was determined by testing them
for infectivity on cowpea (California blackeye), a permis-
sive host for SCPMV and a nonpermissive host for SBMV
an. Virus was recovered from the inoculated (I) and systemic (S) leaves
PMV. An aliquot of each sample was electrophoresed on a denaturing
SCPMV (lane C) and SBMV (lane B) were used as CP size standards,
f SCPMV and SBMV were also used to quantitate the level of detection
to fivefold dilutions of SCPMV relative to a constant amount of SBMVs of be
and SC
urified
tures o(Hull, 1988). All 20 samples from the inoculated leaves
initiated a systemic infection of cowpea (Table 1). In all
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142 HACKER AND FOWLERcases, the CP of the virus recovered from cowpea had
the same electrophoretic mobility as the SCPMV CP
when analyzed by SDS–PAGE (Fig. 2). The SBMV CP was
not detected in any of the samples. Eleven out of 20
samples recovered from the systemic leaves of coinocu-
lated bean plants were able to systemically infect cow-
pea (Table 1). In all 11 samples that were positive for
infectivity on cowpea, the CP of the recovered virus had
the same electrophoretic mobility as the SCPMV CP
when analyzed by SDS–PAGE (Fig. 2). As a control, 10
bean plants were inoculated with SCPMV alone. Sam-
ples recovered from the inoculated and systemic leaves
of these plants were analyzed by SDS–PAGE and also
tested for infectivity on cowpea. Although no CP was
detectable by silver staining of the gel (data not shown),
one sample recovered from inoculated leaves and one
recovered from systemic leaves were able to systemi-
cally infect cowpea (Table 1).
Local lesion assays were used to determine the ap-
proximate ratio of SCPMV to SBMV in some of the sam-
ples recovered from coinoculated bean. P. vulgaris culti-
ar Pinto and V. unguiculata cultivar Georgia 21 are local
esion hosts for SBMV and SCPMV, respectively (Hull,
988). These two hosts were individually inoculated with
wo samples recovered from inoculated leaves and two
amples recovered from systemic leaves of coinoculated
T
Mixed Infection of Be
Primary inoculum Primary host
Sourc
SCPMV/SBMV Bean Inocul
System
SCPMV Bean Inocul
System
SCPMV RNA/SBMV RNA Bean Inocul
System
SCPMV RNA Bean Inocul
System
FIG. 2. SDS–PAGE analysis of samples recovered from cowpea. Viru
plants coinoculated with SCPMV and SBMV, and the samples were l
cowpea. Virus was recovered from these plants and analyzed by elec
SBMV (lane B) were used as CP size standards, and their positions are indicate
cowpea (lane U) was also analyzed. Protein was detected by silver staining.ean. As expected, local lesions were observed on Pinto
ean following inoculation with each of the four samples
Table 2). Approximately 100–200 lesions were observed
er leaf. In contrast, less than 10 lesions per leaf were
bserved following the inoculation of Georgia 21 with
hese four samples (Table 2). One of the samples did not
ield any local lesions on Georgia 21, but this sample
as also unable to initiate an infection of California
lackeye cowpea. The other three samples tested were
ositive for infectivity on this host. The local lesion as-
ays were also performed with known amounts of
CPMV and SBMV. The infection of Georgia 21 by
CPMV was about 2.3 times more efficient than the
nfection of Pinto bean by an equivalent amount of SBMV.
aking this factor into account, the approximate ratio of
BMV to SCPMV in three of the four samples was cal-
ulated (Table 2).
To determine whether the SCPMV RNA present in
amples recovered from coinoculated bean was encap-
idated, four of the samples were treated with RNase A
nd then tested for infectivity on cowpea. All four treated
amples retained the ability to systemically infect cow-
ea (Fig. 3). As a control, 200 mg of SCPMV RNA was
reated with RNase A and tested for infectivity on cow-
ea. No SCPMV was recovered from this plant, but
CPMV was recovered from cowpea inoculated with 200
SCPMV and SBMV
condary
m Secondary host
No. infections of
secondary host/no.
inoculations (%)
aves Cowpea 20/20 (100)
ves Cowpea 11/20 (55)
aves Cowpea 1/10 (10)
ves Cowpea 1/10 (10)
aves Cowpea 16/25 (64)
ves Cowpea 4/25 (16)
aves Cowpea 1/10 (10)
ves Cowpea 0/10 (0)
recovered from the inoculated (I) and systemic (S) leaves of five bean
1I–5I and 1S–5S. An aliquot of each sample was used to inoculate
esis on a denaturing 12.5% polyacrylamide gel. SCPMV (lane C) andABLE 1
an with
e of se
inoculu
ated le
ic lea
ated le
ic lea
ated le
ic lea
ated les was
abeled
trophord with arrows at the left of the figure. Extract prepared from uninfected
t
o ctively.
143SCPMV HOST RANGEmg of untreated SCPMV RNA (Fig. 3). These results
demonstrated that the SCPMV RNA recovered from the
mixed infection of bean was encapsidated.
The coinoculation of bean was repeated using
equimolar amounts of SCPMV and SBMV RNA. Samples
were recovered from the inoculated and systemic leaves
of 25 plants. All contained the SBMV CP as determined
by SDS–PAGE followed by silver staining, but the SCPMV
CP was not detected (data not shown). The samples
were then tested for infectivity on cowpea. Sixteen (64%)
of the samples recovered from the inoculated leaves and
four (16%) of the samples recovered from the systemic
leaves of coinoculated bean yielded a systemic infection
of cowpea (Table 1). In all cases, the CP of the virus
recovered from cowpea had the same electrophoretic
mobility as the SCPMV CP as determined by SDS–PAGE
(data not shown). As a control, 10 bean plants were
inoculated with SCPMV RNA alone. Samples recovered
T
Quantitation of SCPMV and SBMV in Virus S
Local lesions on Georgia 21
Inoculuma Leaf No. 1 2 Avg. Lea
Mock 0 0 0
SBMV 0 0 0
SCPMV 466 371 418 6 67
3I 4 1 3 6 2
5I 8 6 7 6 1
5S 0 0 0
11S 0 1 1 6 1
a The stock solutions of SBMV and SCPMV were each diluted to
inoculated (I) or the systemic (S) leaves of bean plants coinoculated w
b The ratios of SBMV to SCPMV in the samples recovered from coinoc
wo leaves. The number of local lesions on Pinto bean were multiplie
bserved for SCPMV and SBMV on Georgia 21 and Pinto bean, respe
FIG. 3. Ribonuclease resistance of SCPMV RNA recovered from
coinoculated bean. Samples recovered from the inoculated (I) and
systemic (S) leaves of two bean plants (Nos. 4 and 5) coinoculated with
SCPMV and SBMV were treated with RNase A as described under
Materials and Methods and used to inoculate cowpea plants. Cowpea
plants were also inoculated with RNase A-treated (lane C1) or un-
treated (lane C2) SCPMV RNA (200 mg). Virus was recovered from the
plants and electrophoresed on a denaturing 12.5% polyacrylamide gel.
Extract from uninfected cowpea (lane U) was also analyzed. Protein
was detected by silver staining.from the inoculated and systemic leaves were all nega-
tive for the presence of SCPMV CP as determined by
SDS–PAGE and silver staining. When tested for infectivity
on cowpea, one sample from inoculated leaves caused a
systemic infection of cowpea (Table 1). The results from
the coinoculations of bean with either virus or viral RNA
demonstrated that SCPMV systemically infects bean in
the presence of SBMV.
Partial characterization of SCPMV recovered from
mixed infections of bean
Several explanations are possible for the systemic
spread of SCPMV in bean following coinoculation with
SBMV. For example, the cell-to-cell and long-distance
movement restrictions of SCPMV in bean may have been
complemented by SBMV. Alternatively, SCPMV variants
with an altered host range may have arisen in bean due
to errors made by the RNA polymerase during viral RNA
synthesis or due to RNA recombination between SCPMV
and SBMV. To determine whether the SCPMV recovered
from coinfected bean could systemically infect bean in
the absence of SBMV, four samples from coinoculated
bean were passaged in cowpea. The virus recovered
from the systemic leaves of these plants contained only
the SCPMV CP as determined by SDS–PAGE. The four
virus preparations were used to inoculate bean. In all
four cases, no virus was recovered from either the inoc-
ulated or the systemic leaves of bean (data not shown).
These results suggested that P. vulgaris remained a
nonpermissive host for the SCPMV recovered from a
mixed infection of bean.
Viral RNA was isolated from each of the four viral
samples recovered from cowpea described previously.
s Recovered from Mixed Infections of Bean
Local lesions on Pinto
SBMV/SCPMVb1 2 Avg.
0 0 0
62 196 179 6 24
0 0 0
29 223 176 6 66 140
08 84 96 6 17 30
34 187 210 6 33 —
16 168 142 6 37 330
concentration of 0.1 mg/ml. Virus samples were recovered from the
PMV and SBMV.
bean were determined using the average number of local lesions from
3 as a correction factor for the differences in inoculation efficienciesABLE 2
ample
f No.
1
1
1
2
1
a final
ith SC
ulated
d by 2.The RNAs were individually translated in wheat germ
extract in the presence of 35S-methionine. The radiola-
c144 HACKER AND FOWLERbeled proteins were analyzed by SDS–PAGE. The trans-
lation products of the four viral RNAs had the same
electrophoretic mobilities as the proteins translated from
SCPMV RNA, rather than those translated from SBMV
RNA (Fig. 4). These results are not consistent with the
formation of a new virus by RNA recombination between
SCPMV and SBMV.
SBMV infection of cowpea protoplasts
The ability of cowpea to support SBMV RNA synthesis
was investigated by electroporating cowpea protoplasts
with SBMV RNA. Total cytoplasmic nucleic acid was
extracted from the protoplasts at selected times after
electroporation, and the level of SBMV RNA accumula-
tion was determined by slot blot hybridization using a
probe to the SBMV CP gene. As a control, cowpea
protoplasts were electroporated with SCPMV RNA, and
the level of SCPMV RNA accumulation was determined
by hybridization using a probe to the SCPMV CP gene.
As shown in Fig. 5, the level of SBMV RNA increased
from 16 to 48 h after electroporation, while the level of
FIG. 4. Cell-free translation of viral RNA. Samples recovered from the
inoculated (I) or systemic (S) leaves of three bean plants (Nos. 4, 10,
and 15) coinoculated with SBMV and SCPMV were used to inoculate
cowpea plants. Virus was recovered from the cowpea plants and used
for the preparation of viral RNA. For each sample, 200 ng of RNA was
translated in wheat germ extract in the presence of 35S-methionine.
SBMV (lane B) and SCPMV (lane C) RNAs were separately translated.
Radiolabeled proteins were electrophoresed on a denaturing 12.5%
polyacrylamide gel and detected by autoradiography. The positions of
viral proteins including the ORF2 polyprotein (ORF2 PP), the RNA-
dependent RNA polymerase (RdRP), the coat protein (CP), and the
ORF1 protein (p12 for SBMV and p21 for SCPMV) are marked on the left
(SBMV) and right (SCPMV) sides of the gel.SCPMV RNA increased from 16 to 40 h after electropo-
ration and then decreased slightly (Fig. 5). At 40 h afterelectroporation, the level of SCPMV RNA accumulation
was about 2.7 times higher than the level of SBMV RNA
accumulation.
The ability of cowpea protoplasts to support SBMV
assembly in cowpea was also investigated. Cowpea and
bean protoplasts were electroporated with either SBMV
or SCPMV RNA. At 40 h postelectroporation, the cells
were mechanically lysed, and the level of virus accumu-
lation was determined by immunosorbent electron mi-
croscopy using polyclonal antisera to the SCPMV CP or
to the SBMV CP. Spherical particles measuring approxi-
mately 27 nm were recovered from lysates of cowpea
protoplasts electroporated with either viral RNA and from
lysates of bean protoplasts electroporated with SBMV
RNA (Table 3). In cowpea protoplasts, the level of SCPMV
accumulation was about 1.4 times higher than the level of
SBMV accumulation at 40 h postelectroporation (Table
3). In contrast to these results, no virus particles were
observed in lysates from bean protoplasts electropo-
rated with SCPMV RNA (Table 3), even though the level
of SCPMV RNA in these cells did increase over time
(data not shown). These results supported the conclu-
sion of Fuentes and Hamilton (1991, 1993) that bean cells
are permissive for SCPMV RNA synthesis but not for
SCPMV assembly. Finally, the demonstration that cow-
pea protoplasts support SBMV RNA synthesis and as-
sembly suggests that the host range restriction of SBMV
in cowpea occurs at the level of movement.
FIG. 5. SCPMV and SBMV RNA accumulation in cowpea protoplasts.
Cowpea protoplasts were electroporated with SCPMV or SBMV RNA
(10 mg). Total RNA was extracted from protoplasts at the times indi-
ated, and 10 mg of RNA from each sample was analyzed by slot blot
hybridization. SCPMV and SBMV RNA were detected using alkaline
phosphatase-conjugated DNA probes specific to the SCPMV and
SBMV CP genes, respectively. Chemiluminescence was detected using
X-ray film. The hybridization signal was quantitated using a BioRad
Imaging Densitometer and plotted as units of optical density. The
background signal from hybridization to10 mg of RNA from healthy
cowpea protoplasts was subtracted from each time point. The results
from two independent experiments were averaged.
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145SCPMV HOST RANGEMixed infection of cowpea with SCPMV and SBMV
To determine whether SBMV moves systemically in
cowpea in the presence of SCPMV, 19 cowpea plants
were inoculated with a mixture of SBMV and SCPMV.
Virus was recovered from the inoculated and systemic
leaves of these plants and analyzed by SDS–PAGE. Only
the SCPMV CP was observed in the 38 samples (data not
shown). The limit of SBMV CP detection in this experi-
ment was determined using a dilution series of SBMV
relative to a set amount of SCPMV. The SBMV CP was
detected when diluted 25-fold but not 125-fold, relative to
the amount of SCPMV CP. This demonstrated that if the
SBMV CP was present in the samples recovered from
cowpea, it represented less than 4% of the total CP. Each
of the samples was also tested for infectivity on bean.
Twelve (63%) of the samples from the inoculated leaves
but none (0%) of the samples from the systemic leaves
caused a systemic infection of bean (Table 4). In all
cases, the CP of the virus isolated from bean had the
same electrophoretic mobility as the SBMV CP as deter-
TABLE 3
Virus Accumulation in Cowpea and Bean Protoplasts
RNA Protoplasts
Particles/grid
Exp. no. 1a Exp. no. 2a Average
CPMV Cowpea 7,000 6,220 6,610 6 550
BMV Cowpea 4,570 4,970 4,770 6 280
one Cowpea NDb ND ND
CPMV Bean ND ND ND
BMV Bean 5,450 4,700 5,070 6 530
one Bean ND ND ND
a Virus particles immunosorbed to a 400-mesh copper grid were
visualized using a Hitachi 600 transmission electron microscope. The
virus particles in 10 squares were counted, and the total number of
particles was multiplied by 40 to obtain an estimate of the number of
particles/grid. The results of two independent experiments were aver-
aged.
b None detected (ND).
T
Mixed Infections of Cow
Primary inoculum Primary host
Sourc
SCPMV/SBMV Cowpea Inocul
System
SBMV Cowpea Inocul
System
SCPMV RNA/SBMV RNA Cowpea Inocul
System
SBMV RNA Cowpea Inocul
Systemic leamined by SDS–PAGE (data not shown). As a control, 17
cowpea plants were inoculated with SBMV alone. Sam-
ples were recovered from the inoculated and systemic
leaves of these plants and analyzed by SDS–PAGE. Al-
though the SBMV CP was not detected in any of the
samples, they were all tested for infectivity on bean.
Seven (41%) of the samples from the inoculated leaves
but none (0%) of the samples from the systemic leaves
caused a systemic infection of bean (Table 4). When
virus was present, the CP had the same electrophoretic
mobility as the SBMV CP (data not shown). The recovery
of SBMV from the inoculated leaves of cowpea in the
presence or absence of SCPMV suggested that the latter
is not responsible for the low level of accumulation of
SBMV in cowpea. The SBMV recovered from cowpea
may have resulted from a subliminal SBMV infection, or
it may have been residual virus from the inoculum.
The mixed infection of cowpea with the two sobemo-
viruses was repeated using an RNA inoculum. Twenty
cowpea plants were inoculated with equimolar amounts
of SCPMV and SBMV RNA. Virus samples were recov-
ered from the inoculated and systemic leaves and ana-
lyzed by SDS–PAGE. In all samples, only the SCPMV CP
was detected (data not shown). The samples were then
tested for infectivity on bean. None of them caused a
systemic infection of bean (Table 4). As a control, 10
cowpea plants were inoculated with SBMV RNA alone.
Virus samples recovered from the inoculated and sys-
temic leaves were analyzed by SDS–PAGE. The SBMV
CP was not detected in any of the samples (data not
shown), and none of the samples caused a systemic
infection of bean (Table 4). The inability to recover SBMV
from cowpea following inoculation with viral RNA sug-
gested that its recovery following inoculation with virus
may have been due to the retention of residual virus on
the inoculated leaves. Alternatively, the subliminal infec-
tion of cowpea with SBMV may have been more efficient
following inoculation with virus as compared to inocula-
tion with viral RNA.
ith SCPMV and SBMV
condary
m Secondary host
No. infections of
secondary host/no.
inoculations (%)
aves Bean 12/19 (63)
ves Bean 0/19 (0)
aves Bean 7/17 (41)
ves Bean 0/17 (0)
aves Bean 0/20 (0)
ves Bean 0/20 (0)
aves Bean 0/10 (0)ABLE 4
pea w
e of se
inoculu
ated le
ic lea
ated le
ic lea
ated le
ic lea
ated le
ves Bean 0/10 (0)
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146 HACKER AND FOWLERDISCUSSION
The experiments described here were initiated to de-
ermine whether the host range restriction of SCPMV in
ean could be complemented in trans by SBMV. The
ixed infection of bean with the two viruses resulted in
he recovery of SCPMV from both inoculated and sys-
emic leaves. The level of SCPMV in coinfected bean,
owever, is very low as judged from the results of local
esion assays of the samples recovered from bean. One
xplanation for the results is that SBMV complemented
he cell-to-cell and long-distance movement restrictions
f SCPMV in bean. Although other explanations for the
esults are possible, no evidence was observed to sup-
ort the notion that SCPMV host range mutants were
enerated in the mixed infection of bean. Although bean
s not permissive for SCPMV assembly, SCPMV RNA was
ncapsidated in the mixed infection of bean. This sug-
ests that heterologous encapsidation or genome mask-
ng of the SCPMV RNA by the SBMV CP may have
ccurred in the mixed infection. This may have been an
mportant factor in the spread of SCPMV in bean since
he CP is involved in the cell-to-cell movement of SCPMV
nd may be involved in its long-distance movement
Brugidou et al., 1995; Sivakumaran et al., 1998).
It was also demonstrated that cowpea protoplasts are
ermissive for both SBMV RNA synthesis and assembly.
his showed that the host range restriction of SBMV in
owpea occurs at the level of movement. Unlike the
ixed infection of bean with SCPMV and SBMV, the
ixed infection of cowpea with these two sobemovi-
uses did not result in the systemic spread of SBMV.
lthough SBMV was recovered from some of the inocu-
ated leaves of these plants, its recovery was not depen-
ent on the presence of SCPMV, since SBMV was also
ecovered from the inoculated leaves of cowpea follow-
ng single infection. Furthermore, SBMV was not recov-
red from cowpea coinoculated with SCPMV and SBMV
NA or inoculated with SBMV RNA alone. It may be
oncluded from these results that SCPMV does not com-
lement the host range restriction of SBMV in cowpea.
The results from the experiments presented here cou-
led with the demonstration that SCPMV cell-to-cell
ovement requires the CP, the P1 protein, and the ORF3
rotein (Sivakumaran et al., 1998) suggest a model for
SBMV and SCPMV cell-to-cell movement involving spe-
cific interactions between viral proteins and between
viral and host proteins. It is proposed that in the mixed
infection of bean SCPMV RNA replicated and was en-
capsidated by the SBMV CP. Alternatively, the SBMV CP
and the SCPMV RNA may have formed a complex that
was functional in cell-to-cell movement. The heterolo-
gous virions or RNA–CP complexes were then trans-
ported from cell to cell by the SBMV MPs via a pathway
dependent on specific interactions among the SBMV
proteins involved in cell-to-cell movement and on spe-cific interactions between one or more of these SBMV
proteins and the host. The inability of SCPMV to comple-
ment the host range restriction of SBMV in cowpea may
also be explained by this model. In the mixed infection of
cowpea with the two viruses, it is proposed that the
SBMV RNA replicated and was encapsidated by its own
CP. These particles or SBMV CP–RNA complexes were
prevented from moving from cell to cell because interac-
tions between the SBMV CP and the SCPMV MPs were
nonpermissive or interactions between the SBMV CP
and MPs and the host were nonpermissive.
In the mixed infection of bean with SCPMV and SHMV,
unencapsidated SCPMV RNA does not move systemi-
cally (Fuentes and Hamilton, 1991, 1993). Thus, assembly
may be required for SCPMV long-distance movement.
Alternatively, the SCPMV proteins involved in systemic
movement may function in a host-specific manner. The
observation that SBMV supported the long-distance
movement of SCPMV in a mixed infection of bean sug-
gests that one or more SBMV proteins contributed to the
systemic movement of SCPMV in bean. One explanation
is that the SCPMV RNA was encapsidated by the SBMV
CP and that these heterologous particles were trans-
ported systemically in bean, possibly with the aid of other
SBMV proteins. Alternatively, long-distance movement of
unencapsidated SCPMV RNA or SCPMV RNA encapsi-
dated by its own CP may have been facilitated by one or
more SBMV proteins.
Heterologous encapsidation in mixed infections with
plant RNA viruses has been well documented (Rochow,
1972; Dodds and Hamilton, 1976; Hu et al., 1988; Bourdin
and Lecoq, 1991). It has also been observed in viral
infections of transgenic plants that express a heterolo-
gous CP (Farinelli et al., 1992; Lecoq et al., 1993). With the
development of genome-length, infectious cDNA clones
of RNA viruses, it has been possible to construct viral
chimeras that encode a heterologous CP gene. For the
tripartite bromoviruses, it has been possible to exchange
the cowpea chlorotic mottle virus (CCMV) RNA3 for that
of brome mosaic virus (BMV) and vice versa. The CCMV
and BMV CPs are each capable of encapsidating the
RNA of the other virus (Allison et al., 1988).
The results presented here demonstrated that SBMV
complemented the cell-to-cell and long-distance move-
ment restrictions of SCPMV in bean. A similar observa-
tion has been made in mixed infections of cocksfoot
mottle sobemovirus (CfMV) and cynosurus mottle virus
(CyMV), a possible member of the Sobemovirus genus.
CfMV systemically infects Dactylis glomerata but not
Cynosurus cristatus, and CyMV systemically infects C.
cristatus but not D. glomerata (Hull, 1988). In mixed
infections of either host with CfMV and CyMV, both vi-
ruses move systemically (Hull, 1988). Other examples of
complementation to allow a virus to spread in a nonper-
missive host have been described (Hamilton and Dodds,
1970; Hamilton and Nichols, 1977; Taliansky et al., 1982;
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147SCPMV HOST RANGEMalyshenko et al., 1989). With the availability of genome-
length, infectious cDNA clones of RNA viruses and of
transgenic plants expressing MPs, additional demon-
strations of the complementation of cell-to-cell move-
ment defects of RNA viruses have been made. For ex-
ample, transgenic plants expressing either the TMV or
the red clover necrotic dianthovirus (RCNMV) MP sup-
port the cell-to-cell movement of MP-defective mutants of
RCNMV and TMV, respectively (Giesman-Cookmeyer et
al., 1995). In addition, complementation of cell-to-cell
movement has been achieved by expression of a heter-
ologous MP from a chimeric virus (De Jong and Ahlquist,
1992; Giesman-Cookmeyer et al., 1995). With the avail-
ability of a genome-length cDNA clone of SCPMV, it may
be possible to directly demonstrate the complementation
of SCPMV movement in bean by SBMV proteins via the
construction of SCPMV/SBMV chimeras.
MATERIALS AND METHODS
Viruses
SCPMV and SBMV were propagated in V. unguiculata
cv. California blackeye and P. vulgaris cv. Bountiful, re-
spectively. Virus was isolated from infected plants at 3
weeks postinoculation as previously described (Hacker,
1995).
Inoculations of plants
For mixed infections of bean and cowpea, SCPMV and
SBMV were diluted with 10 mM sodium acetate (pH 5.5)
and one volume of inoculation buffer (10 mM potassium
phosphate, pH 7.0; 1% bentonite; and 1% celite) so that
the final concentration of each virus was 0.625 mg/ml.
The cotyledons of 10-day-old bean or cowpea plants
were then mechanically inoculated. The same conditions
were used for the single inoculations of bean with
SCPMV and of cowpea with SBMV. The inoculated and
systemic leaves of plants were harvested at 10 and 21
days postinfection, respectively. Virus was recovered
from leaf extracts (0.5 g tissue) by two rounds of precip-
itation with polyethylene glycol (PEG) as previously de-
scribed (Lommel et al., 1982). Following the second PEG
recipitation, the virus was resuspended in 100 ml 10 mM
odium acetate (pH 5.5). One-tenth of each sample was
iluted with 40 ml of 10 mM sodium acetate (pH 5.5) and
one volume of inoculation buffer and used to mechani-
cally inoculate the cotyledons of 10-day-old cowpea or
bean plants. The systemic leaves of these plants were
harvested at 14 days postinoculation, and virus was
recovered as described earlier. All samples were ana-
lyzed by 12.5% SDS–PAGE. The CP was detected by
silver staining (Schoenle et al., 1984).
For the inoculation of plants with viral RNA, SBMV and
SCPMV RNA were prepared by incubation of virus in 100
mM NaCl, 10 mM Tris–HCl (pH 8.0), 1% SDS, 100 mg/mlroteinase K (Sigma Chemical Co.), and 1 mM EDTA for
0 min at 37°C followed by three or four extractions with
henol:chloroform:isoamyl alcohol (25:24:1). The RNA
as precipitated with ethanol, resuspended in water,
nd diluted with inoculation buffer. The final concentra-
ion of each RNA was 0.625 mg/ml in single or mixed
infections. Cowpea and bean plants were mechanically
inoculated and analyzed as described earlier.
Ribonuclease A (RNase A; Sigma) treatment of se-
lected samples was performed by incubation of 20 ml of
he sample with 1 mg/ml RNase A for 30 min at room
emperature. The treated virus was diluted with 30 ml of
0 mM sodium acetate (pH 5.5) and one volume of
noculation buffer and used to mechanically inoculate
he cotyledons of cowpea plants.
For the local lesion assays, 20 ml of the virus sample
recovered from the mixed infection of bean was mixed
with 80 ml of 10 mM sodium acetate (pH 5.5) and 100 ml
f inoculation buffer. For the controls, 0.1 mg of SCPMV or
SBMV was diluted to 100 ml with 10 mM sodium acetate
(pH 5.5) and mixed with 100 ml of inoculation buffer. Two
cotyledons of P. vulgaris cultivar Pinto and two cotyle-
dons of V. unguiculata cultivar Georgia 21 were each
echanically inoculated with 50 ml of the inoculum. The
plants were approximately 1 week old at the time of
inoculation. The local lesions were counted 4 days after
inoculation.
Electroporation of protoplasts
Protoplasts were prepared from the cotyledons of 8- to
10-day-old P. vulgaris cv. Bountiful and V. unguiculata cv.
alifornia blackeye as previously described (Jones et al.,
990). A BioRad Gene Pulser was used to electroporate
3 106 cells with 10 mg of SCPMV or SBMV RNA in cold
10% (w/v) mannitol with a pulse of 1550 V from a 25 mF
capacitor. Total cytoplasmic nucleic acid was extracted
from cells at 16, 24, 40, and 48 h after electroporation as
previously described, except that the nucleic acid prep-
aration was not treated with DNase I (Sivakumaran et al.,
1998). Total nucleic acid (10 mg) was blotted to a nylon
embrane using a slot blot manifold (Schleicher and
chuell). Hybridization was performed using a DNA
robe crosslinked to alkaline phosphatase as previously
escribed (Sivakumaran et al., 1998). The DNA probes
ere synthesized by PCR amplification of nt 3240–4116
Wu et al., 1987) of the SCPMV CP gene using the ge-
ome-length SCPMV cDNA clone pSBMV1 (Sivakumaran
nd Hacker, 1997) as a template and nt 3364–3973 (Oth-
an and Hull, 1995) of the SCPMV CP gene using
SBMVB-CP (Hacker and Sivakumaran, 1997) as a tem-
late. The blots were washed and developed in CDP-Star
etection reagent (Amersham) as previously described
Sivakumaran et al., 1998). Chemiluminesence was de-
tected by exposure of the blots to X-ray film for 16 h and
quantified using a BioRad Model GS-670 Imaging Den-
148 HACKER AND FOWLERsitometer and Molecular Analyst Version 2.1 software
(BioRad).
For the analysis of virus accumulation, electroporated
protoplasts were washed in 10% mannitol, suspended in
250 ml of 10 mM sodium acetate (pH 5.5), and mixed with
one volume of glass beads (0.1 mm diameter). The pro-
toplasts were then disrupted by homogenization for a
total of 40 s (two times 20 s) using a Mini-Beadbeater
(Biospec Products). Cell debris was removed by centrif-
ugation at 14,000 rpm for 30 min in a microcentrifuge.
Virus was detected by immunosorbent electron micros-
copy using antiserum to either the SCPMV or the SBMV
CP (American Type Culture Collection) as previously de-
scribed (Sivakumaran et al., 1998). Virus immunosorbed
to 400-mesh copper grids was visualized using a Hitachi
600 transmission electron microscope. The virus parti-
cles within 10 squares of each grid were counted.
Cell-free translation
Viral RNA (200 ng) was prepared from virus as previ-
ously described and translated in wheat germ extract
(Promega) in the presence of 35S-methionine (1000 Ci/
mmol; ICN) according to the manufacturer’s protocol.
Radiolabeled proteins were separated by 12.5% SDS–
PAGE and detected by autoradiography.
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